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###### SYNOPSIS

This article describes the first use of RT001 to treat two infants with INAD.

1. INTRODUCTION {#jmd212116-sec-0005}
===============

INAD is a rare inherited neurological disorder (MIM 256600).[1](#jmd212116-bib-0001){ref-type="ref"} It usually becomes apparent after age 6 months with slowing of motor and cognitive development and regression of previously acquired skills.[2](#jmd212116-bib-0002){ref-type="ref"} The disease onset may vary according to the underlying genetic defect. Once it begins, however, the disease is relentlessly progressive, and death usually occurs between 5 and 10 years, often from loss of bulbar function leading to aspiration pneumonia.[3](#jmd212116-bib-0003){ref-type="ref"}, [4](#jmd212116-bib-0004){ref-type="ref"}, [5](#jmd212116-bib-0005){ref-type="ref"} No drugs or therapies exist that alter the course of the disease.

INAD is an autosomal recessive disorder due to pathological variations in both copies of the *PLA2G6* gene (chromosome 22q13.1) which encodes a phospholipase (iPLA2β \[MIM 603604\]).[4](#jmd212116-bib-0004){ref-type="ref"}, [6](#jmd212116-bib-0006){ref-type="ref"}, [7](#jmd212116-bib-0007){ref-type="ref"} This enzyme performs a critical housekeeping function in all cell membranes, where polyunsaturated fatty acids (PUFAs) are prone to lipid peroxidation (LPO).[8](#jmd212116-bib-0008){ref-type="ref"} Membrane repair is most critical in conditions of high oxidative stress, as found in the mitochondria of highly metabolic tissues. The loss of iPLA2β function is associated with functional and structural abnormalities; this loss of function is most notable in neurons, where the damaged membranes accumulate as spheroids leading to early cell death and neurodegeneration.[9](#jmd212116-bib-0009){ref-type="ref"}, [10](#jmd212116-bib-0010){ref-type="ref"} Mutations in *PLA2G6* have been associated with a variety of neurodegenerative conditions including INAD, atypical NAD, and young‐onset Parkinson\'s disease. These diseases vary according to the degree of iPLA2β impairment. INAD represents the expression of the most severe form of *PLA2G6* variation with elevated mitochondrial lipid peroxidation and mitochondrial dysfunction.[9](#jmd212116-bib-0009){ref-type="ref"}

RT001 is a deuterated homologue of linoleic acid that makes membrane PUFAs resistant to LPO. RT001 has proven beneficial in a recent *Drosophila* INAD model.[9](#jmd212116-bib-0009){ref-type="ref"} Reduced LPO, after treatment with RT001, was associated with recovery of the mitochondrial membrane potential of *PLA2G6* mutant human fibroblasts and with rescue of the locomotor deficits in iPLA2‐VIA knockout flies.[9](#jmd212116-bib-0009){ref-type="ref"} The protective effects of deuterated PUFAs is nonlinear. Inhibition of LPO occurs even when the deuterated compounds are present at relatively low levels. A strong protective effect of deuterated linoleic acid (D2‐LA) against LPO is seen when a threshold of 20% exists in liposomal lipid bilayers.[11](#jmd212116-bib-0011){ref-type="ref"} Treatment with RT001 has shown early signs of efficacy in patients with Friedreich\'s ataxia, a disorder of intracellular free‐iron imbalance that initiates LPO, resulting in increased oxidative stress and mitochondrial dysfunction.[12](#jmd212116-bib-0012){ref-type="ref"} RT001 has been used in 64 subjects in clinical trials and has been well tolerated. In these clinical trials, a single, self‐limited episode of steatorrhea was categorized as a serious adverse event that was drug‐related. Here, we report the safety, pharmacokinetic (PK) and clinical functional outcome measures of RT001 in two INAD patients enrolled in complementary Expanded Access protocols.

2. MATERIALS AND METHODS {#jmd212116-sec-0006}
========================

All procedures followed were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2000. Informed consent was obtained from all patients for being included in the study. The protocols were developed independently at the two sites and approved by their respective institutional review boards. Two subjects with classical INAD signs, both with two mutant *PLA2G6* alleles, were examined with a video‐recorded, structured, neurological examinations at baseline, and 6 months after the initiation of treatment with RT001 1.8 g po BID. Subject 1 also underwent evaluation at 1 year. Between clinical visits, parents completed a version of the MPS‐Health Assessment Questionnaire adapted for INAD patients.

Because no accepted tool for assessing the severity of INAD exists, we sought to develop a scale to assess patients with INAD. Other scales most commonly employed (eg, CHOP‐INTEND, Modified Ashworth, Hammersmith Functional Motor Scale, etc.) do not accurately gauge current severity of INAD nor are they sensitive/specific enough to monitor disease progression. After meeting with international leaders in the diagnosis and treatment of INAD, we produced a scale that includes five main categories of pediatric developmental evaluation: (a) gross motor‐and‐truncal‐stability skills, (b) fine motor skills, (c) bulbar function, (d) ocular function, and (e) temporo‐frontal function, and a functional evaluation of the autonomic nervous system. In a prospective natural history study of INAD patients, a significant correlation between the total neurological assessment score and months since symptom onset was demonstrated, with a statistically significant (*P* \< .005) correlation between assessment score and disease onset (Atwal et al, personal communication[13](#jmd212116-bib-0013){ref-type="ref"}).

This INAD rating scale was developed to evaluate the video‐recorded neurological examinations by a single physician remotely. This scale included multiple developmental elements grouped according to the following categories: gross motor, fine motor, bulbar, ocular, and temporofrontal. A complete listing of individual components in the novel rating scale listed in Data S[1](#jmd212116-supitem-0001){ref-type="supplementary-material"}. Each element in the scale is assigned a score of 0, 1, or 2, according to predefined scores. In general, 0 was assigned for an absent developmental function, 1 for an intermediate, and 2 for an advanced function. Currently, the INAD rating scale is a novel tool that is not yet validated. The utility of this tool is being validated as part of ongoing expanded access, treatment, and natural history studies of INAD patients.

Subjects were evaluated periodically with PK analysis. Plasma concentrations of deuterated (D2) and nondeuterated LA and AA were measured. These compounds were also in the RBC membranes as an indicator of membrane incorporation. The plasma and RBC membrane ratios were calculated by dividing the deuterated compound concentration by the sum of the deuterated and nondeuterated concentrations. A detailed description of the analytical methods is provided in Data S[2](#jmd212116-supitem-0001){ref-type="supplementary-material"}.

3. RESULTS {#jmd212116-sec-0007}
==========

3.1. Demographic and genetic characteristics {#jmd212116-sec-0008}
--------------------------------------------

Both subjects had commercial genetic testing performed in a CLIA/CAP certified US laboratory by way of large‐scale massively parallel sequencing (next generation sequencing \[NGS\]) on a TRIO exome platform. Subject 1 is a female with bi‐allelic homozygous *PLA2G6* pathogenic variants denoted c.208C\>T, p.R70X, age 3 at enrollment, and remains under treatment after 34 months. Subject 2 is a male with bi‐allelic *PLA2G6* pathogenic variants denoted c.404 T\>C, p.F135S (paternal) and an intragenic deletion of exon 6 (maternal), confirmed in trans by parental analysis, age 5 at enrollment, and discontinued treatment after 10 months.

3.2. Safety assessments {#jmd212116-sec-0009}
-----------------------

Overall, RT001 was well tolerated. Subject 1 had a brief bout of abdominal cramping after 12 months of therapy that was attributed to another treatment. A reduction in RT001 dose, followed by resumption of full dosing without issue, was done as a precaution. Subject 2 underwent gastric tube placement after 6 months of therapy to simplify feeding. Approximately 4 months later, RT001 was discontinued due to parental perception of stagnation after the initial clinical improvements, and due to their desire to restore eligibility for enrollment in other clinical trials. No serious adverse events were seen in either subject.

3.3. PK assessments {#jmd212116-sec-0010}
-------------------

Plasma D2‐LA was present in significant quantities within 1 month of starting RT001 in both subjects. Figure [1](#jmd212116-fig-0001){ref-type="fig"} shows the ratio of D2‐LA to total LA in the plasma (Panel A) and the RBC membranes (Panel B). These values exceeded 20% within the first month for both subjects and continued to increase throughout RT001 exposure. Elongation of D2‐LA into D2‐AA occurred, although the concentration of plasma D2‐AA and RBC D2‐AA was lower than for D2‐LA (Figure [2](#jmd212116-fig-0002){ref-type="fig"}). This phenomenon was most notable in subject 1, who was receiving high levels of supplementary PUFAs. These included supplements of capsules containing omega 3 and omega 6 PUFAs as well as dietary chia seeds and almond butter. The capsules and dietary supplements were discontinued \~5 months after the initiation of RT001 therapy. After dietary modification to limit PUFAs, D‐AA levels increased in proportion to those seen in subject 2.

![Plasma and RBC pharmacokinetic data for the two subjects is depicted graphically over time. Panel A, shows the ratio of plasma D2‐LA to total LA; Panel B, shows the ratio of RBC D2‐LA to total LA for the two subjects](JMD2-54-54-g001){#jmd212116-fig-0001}

![Plasma and RBC pharmacokinetic data for the two subjects is depicted graphically over time. Panel A, shows the ratio of plasma D2‐AA to total AA; Panel B shows the ratio of RBC D2‐AA to total AA for the two subjects](JMD2-54-54-g002){#jmd212116-fig-0002}

4. FUNCTIONAL ASSESSMENTS {#jmd212116-sec-0011}
=========================

Both subjects have shown improvement over baseline for INAD rating score (Subject 1: 7‐26; Subject 2: 27‐39; max 62), and in the number of elements showing improvement (Subject 1: 16; Subject 2: 12; max 31). Both subjects showed improvement in at least one component of each developmental category. Radar plots of the milestone categories comparing baseline scoring to scoring at follow‐up for the two subjects are shown in Figure [3](#jmd212116-fig-0003){ref-type="fig"}. Although these results appear to be promising, they remain too preliminary to derive any conclusions as the rating scale has not yet been validated, and more studies are underway to assess its utility.

![Radar plots of the milestone category scoring for the two subjects. Panel A, depicts Subject \#1 at maximal follow‐up of 1 year, and Panel B depicts Subject 2 at maximal follow‐up of 6 months](JMD2-54-54-g003){#jmd212116-fig-0003}

4.1. Subject 1 narrative {#jmd212116-sec-0012}
------------------------

Improved ability to hold her head upright and grasping of small objects including food and a spoon were noted within 6 months of treatment initiation. Improved bulbar function with swallowing of saliva and solid food was observed at 12 months. Tracking of human faces, smiling and overall interaction with parents (milestones previously lost) were also observed after 12 months of treatment. Severe constipation was improved significantly with treatment. The subject remains on treatment after 34 months; although the re‐gaining of additional lost milestones has not occurred, the early observed improvements have not reversed.

4.2. Subject 2 narrative {#jmd212116-sec-0013}
------------------------

Improvements in alertness, participation, vocalization, and fine motor control were observed after 1 month of treatment with RT001. The subject regained the ability to initiate steps with walker assistance and to imitate a song. After 3 months, spontaneous reaching for objects returned, and eight steps were taken in a walker. The subject was observed to have improved engagement and no regression in skills. After 6 months on RT001, parents reported that cognitive interaction and attention was improved, with no regression in gross motor skills. Throughout the study period, the subject did not see improvement in oromotor skills, and a gastrostomy tube was placed while on RT001 in the setting of ongoing feeding difficulty. The parents reported that the subject began to have decline in motor skills, including worsening dystonic posturing, after 6 months and while on RT001. No formal assessments were completed after 6‐month assessment. The subject\'s parents withdrew from the study after 10 months due to parental perception of stagnation after the initial clinical improvements, and due to their desire to restore eligibility for enrollment in other clinical trials.

5. DISCUSSION {#jmd212116-sec-0014}
=============

In this report of two subjects with INAD, oral RT001 was administered orally and was well‐tolerated. D2‐LA was present in the plasma of both subjects within 1 month of RT001 initiation. Elongation to D2‐AA was also demonstrated with significant levels measured in the plasma. Both compounds were also incorporated at significant levels into the RBC membranes. No serious adverse events clearly related to study drug occurred in either subject.

The key step in lipid peroxidation of the mitochondrial membrane is hydrogen abstraction from a bis‐allylic site.[14](#jmd212116-bib-0014){ref-type="ref"} Deuteration of these bis‐allylic sites slows peroxidation and protects against further oxidative damage and formation of toxic by‐products.[15](#jmd212116-bib-0015){ref-type="ref"} In preclinical models of IND enabling toxicity, we observed efficient conversion of RT001 into D2‐AA and expected levels of incorporation of the drug metabolite in each tissue type---unchanged from AA levels in animals dosed with normal fats.[16](#jmd212116-bib-0016){ref-type="ref"} The current study demonstrates that RT001 is absorbed and equilibrates with plasma and cellular levels of both D2‐LA and D2‐AA in patients with INAD.

The presence of oxidative stress in INAD has been well documented in cell and animal models.[9](#jmd212116-bib-0009){ref-type="ref"}, [10](#jmd212116-bib-0010){ref-type="ref"} *PLA2G6* function is required for repair of peroxidized lipids for membrane homeostasis in normal cells. Its absence is associated with accumulation of peroxidized lipid byproducts, mitochondrial dysfunction, and early cell death. The high concentration of PUFAs in the inner mitochondrial membrane makes it especially vulnerable to lipid peroxidation. The demonstration D2‐LA and D2‐AA incorporation into RBC membranes as a surrogate for other cellular and mitochondrial membranes may be responsible for some of the clinical observations in this report of two cases. Further analysis of efficacy in the more expansive open‐label clinical study currently underway is warranted.

Within 1 month of dosing and continuing through 34 and 6 months, respectively, both subjects with INAD demonstrated no further loss of additional milestones. This effect was sustained up to 34 months after RT001 initiation in subject 1. In a disease marked by inexorable decline and milestone loss, stabilization of regression without further losses of milestones appears promising, and warrants further study. Parents and caregivers reported that subject 2 experienced a stabilization in his clinical course, but no additional milestones returned after this early improvement. In addition, bulbar function never changed, and this was a particularly disturbing feature of his disease process. Ultimately, his parents opted to discontinue therapy after 10 months.

Despite some of these encouraging observations of the effect of RT001 in INAD, it is too early to derive any conclusions without more studies to assess the efficacy of this drug. Parallel open‐label treatment (n = 19; NCT03999814) and prospective natural history (n = 40; NCT04027816) studies are currently underway and may provide more definitive answers.

Even in our small sample of two subjects, the pathogenic variant spectrum observed in our patients included nonsense (R70X), missense (F135S) and a deletion of exon 6. To our knowledge, a specific functional region affected by this deletion has not been defined; all enzymatic function may be affected including ATP‐dependent protein binding, calcium‐independent phospholipase A2 activity, calmodulin binding, and hydrolase activity. The perceived discrepancy in clinical response may be related to differences in the severity of the gene variants, subject age, parental expectations, and a variety of other factors. A multi‐center, 19‐subject open‐label study of RT001 in INAD is currently underway that should provide greater objectivity in the analysis. The developmental observations made in these expanded access protocols will serve as the basis for the novel rating scale that will be used as the primary endpoint in a prospective natural history study and a parallel treatment protocol.
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